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ABSTRACT
We present an analysis of the presence of substructures in the stellar stream of the
Palomar 5 globular cluster, as derived from Sloan Digital Sky Survey data. Using a
matched filter technique, we recover the positions and sizes of overdensities reported in
previous studies. To explore the reality of these structures, we also create an artificial
model of the stream, in which we construct a realistic background on top of which we
add a perfectly smooth stream structure, taking into account the effects of photometric
completeness and interstellar extinction. We find that the smooth artificial stream
then shows similarly-pronounced substructures as the real structure. Interestingly,
our best-fit N-body simulation does display real projected density variations linked to
stellar epicyclic motions, but these become less significant when taking into account
the SDSS star-count constraints. The substructures found when applying our matched
filter technique to the N-body particles converted into observable stars are thus mostly
unrelated to these epicyclic motions. This analysis suggests that the majority of the
previously-detected substructures along the tidal tail of Palomar 5 are artefacts of
observational inhomogeneities.
Key words: dark matter – Galaxy : kinematics and dynamics – Galaxy : structure
– globular clusters : individual : Palomar 5.
1 INTRODUCTION
The stellar streams seen around the giant galaxies in the Lo-
cal Volume (Odenkirchen et al. 2001; Grillmair & Dionatos
2006b; Grillmair 2006; Belokurov et al. 2006; Grillmair 2009;
Ibata et al. 2001, 2014; Mart´ınez-Delgado et al. 2010) are the
consequence of the disruption by tidal forces of satellites that
orbit around them, whether dwarf galaxies or globular clus-
ters. These streams are particularly interesting probes of the
global shape of the gravitational potential (e.g., Varghese
et al. 2011; Sanders & Binney 2013) in an environment which
is less perturbed and complex than galactic disks (Monari
et al. 2016). The detailed inner structure of streams, and
in particular their structural over- and underdensities can,
in principle, constrain the granularity of the potential and
the abundance of dark matter subhalos (Ibata et al. 2002;
Johnston et al. 2002; Yoon et al. 2011; Carlberg et al. 2012;
Ngan et al. 2014).
In this study, we focus on the tidal tails that are escap-
ing from the globular cluster Palomar 5 (hereafter Pal 5),
observed for the first time by Odenkirchen et al. (2001) in
the Sloan Digital Sky Survey (SDSS) commissioning data,
? E-mail: guillaume.thomas@astro.unistra.fr
who estimated a length of∼ 2.6◦ for this structure. However,
this first detection of the stream was limited by the bound-
ary of the SDSS commissioning data footprint and subse-
quent SDSS data releases helped to reveal that the stream
was substantially longer (Rockosi et al. 2002; Odenkirchen
et al. 2003; Grillmair & Dionatos 2006a). With the SDSS
DR 4, Grillmair & Dionatos (2006a) found that the Pal 5
stream covers at least 22◦, with 18.5◦ in the trailing arm
and 3.5◦ in the leading arm.
From these observations, significant variations in the
density of stars along the stream were noticed (Grillmair
& Dionatos 2006a; Odenkirchen et al. 2009; Carlberg et al.
2012), which could be explained by different physical pro-
cesses. The N-body simulations of Dehnen et al. (2004)
showed that the growth of the Pal 5 stellar stream is a con-
sequence of repeated violent shocks with the disk. Neverthe-
less, the high frequency of these shocks (approximately every
300 Myr) reduces the formation of overdensities. In their
suite of papers, Ku¨pper et al. (2008, 2010, 2012) demon-
strated that a tidal stream escaping from a globular cluster
can be distorted by epicyclic motion. Especially when the
cluster is close to its apocenter, like Pal 5, the stream is
decomposed into multiple tails which once projected on the
sky should be seen as overdensities.
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These substructures can also be the scars of dark matter
subhalos crossing the stream (Ibata et al. 2002; Carlberg
2012). However, these encounters heat the stream and fan
its ends as illustrated by the study of Ngan et al. (2014)
based on the Via Lactea II cosmological simulation. This
effect is clearly not seen in the case for the the Pal 5 stream,
which is thin and coherent all along its length.
However, the recent observations of Ibata et al.
(2016) performed with the Canada-France-Hawaii Telescope
(CFHT), which are ∼ 2 magnitudes deeper than the SDSS,
showed that although the density of stars decreases slowly
with distance along the Palomar 5 stellar stream, only a sin-
gle significant overdensity was found. Hence, this raises the
question whether the majority of the SDSS substructures
are physical in origin, or if they are the consequence of the
inhomogeneity of the SDSS and of the small fraction of stars
from the stellar stream that it is able to detect.
In this article we will study the detection of overdensi-
ties along the Pal 5 stream in the SDSS by comparing their
sizes and their positions to smooth models and models de-
rived from N-body simulations. Section 2 will present the
observational data used in our work. Section 3 will explain
the extraction method of overdensities (Section 3.1) and the
procedure to create a “background SDSS” (Section 3.2) and
a smooth stream (Section 3.3); the construction of the N-
body simulation will be detailed in Section 3.4. The analysis
of the overdensities in the observations and in the different
modelling methods will be presented in the Section 4, and
finally we will discuss the implications of these results and
draw our conclusions in Section 5.
2 OBSERVATIONNAL CATALOGUES
2.1 SDSS data
The primary source of observational data for this study is
the SDSS DR9. We selected stars with dereddened magni-
tudes in the g-band brighter than 22.5 and that also have a
detection in the i and r -bands.
Since the foreground extinction varies widely in this
region, we correct the magnitude of stars by dereddening
them using the extinction map values E(B − V ) of Schlegel
et al. (1998) and assuming the following conversion coeffi-
cients: Ag/E(B − V ) = 3.303, Ar/E(B − V ) = 2.285 and
Ai/E(B − V ) = 1.698 (Schlafly & Finkbeiner 2011). Figure
1 shows the extinction in the g-band from Schlegel et al.
(1998).
It is worth noting at this point that the extinction values
in this region differ substantially between the Schlafly et al.
(2014) and the Schlegel et al. (1998) maps, as we show in
Figure 2. Since part of the aim of this paper is to provide
a probable explanation for the detections of substructure
in the Pal 5 stream derived from SDSS data over the last
decade, we choose to use primarily the extinction map of
Schlegel et al. (1998).
2.2 CFHT data
We also use the 30 Megacam fields (1◦ × 1◦) obtained by
Ibata et al. (2016) at the Canada France Hawaii Telescope
(CFHT) in the g and r -bands. These fields provide excellent
−202468101214
l cos(b) [deg]
40
41
42
43
44
45
46
47
b 
[d
eg
]
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
A g
Figure 1. Extinction map in the g-band derived from Schlegel
et al. (1998). The blue line represents the polynomial fit of the
location of the stream from Ibata et al. (2016).
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Figure 2. Difference of extinction in the g-band between the
maps of Schlafly et al. (2014) and Schlegel et al. (1998).
data down to g = 24, which is significantly deeper than the
SDSS limit of g = 22.2 (Ahn et al. 2012).
Before dereddeding the stars, we used the following
colour equations to correct for the difference between the
SDSS and CFHT/MegaCam filters (Regnault et al. 2009):
gSDSS = gCFHT + 0.195 (gCFHT − rCFHT )
rSDSS = rCFHT + 0.011 (gCFHT − rCFHT ) . (1)
Stars from the globular cluster Pal 5 are generally de-
scribed as a Single Stellar Population (SSP) with an age of
11.5 Gyr and a metallicity of [Fe/H] = −1.3 (Smith et al.
2002). Since the CFHT data are substantially deeper than
the SDSS, it is possible to determine the completeness of
the SDSS in the regions around the Pal 5 stream, by assum-
ing that the CFHT is perfectly complete to 25th magnitude
in the g and r bands. In both catalogues, we selected in
a Colour-Magnitude-Diagram (CMD) the stars close to the
Dartmouth isochrone (Dotter et al. 2008) with the age and
the metallicity cited previously to take into account only the
stars that can plausibly be associated with the steam. Fig-
ure 3 illustrates the completeness in the g and r bands in
an area of 1 deg2 in the trailing arm. We fitted the follow-
ing exponential function to these values, where Cg,r is the
completeness and g, r are the apparent magnitudes.
g-band : Cg = 0.99/(1.0 + exp((g − 23.08)/0.46))
r-band : Cr = 0.99/(1.0 + exp((r − 22.57)/0.39)) . (2)
The above fits assume the completeness to be 100%
until 21.8 in the g-band and until 21.4 in the r-band, after
which the functions drop rapidly. It is important to note that
the completeness was calculated on non-dereddened stars.
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Figure 3. Completeness of the SDSS survey in an area of 1 deg2
of the tailing arm centred at (l cos(b) , b) = (3.6, 45.2), assuming
that all stars brighter than 25 in g and r bands are present in the
CFHT fields.
This completeness is used below in the construction of
the model of a smooth stream (detailed in Section 3.3) and in
the selection of stellar particles form the N-body simulation
(detailed in Section 3.4).
3 METHOD
3.1 Overdensity detection
To detect the position and the size of the overdensities of the
Pal 5 stream in the SDSS, we apply a very similar method
to that used by Ku¨pper et al. (2015). First, to bring out the
stars that could belong to the Pal 5 stream, we select the
stars from the SDSS DR9 with dereddened g0 < 22.5 and
that follow the colour criterion of Odenkirchen et al. (2003).
We then derive a matched-filter map, which is based on the
recipe outlined in Balbinot et al. (2011). Since the distance
variation of the stream is negligible (Ibata et al. 2016), the
CMD of the stars along the stream does not change sig-
nificantly. Hence, the probability function of stars from the
stream in the CMD is calculated by reference to the dis-
tribution of stars in a radius of 0.3◦ around the center of
the cluster (see Figure 4), where we reject the stars that
are clearly not associated with the cluster. Since the Pal
5 stream is very thin, we construct the spatial distribution
of the background (γbg in Balbinot et al. 2011) by fitting
a double Legendre polynomial on the borders of the SDSS
footprint, represented by the grey regions in Figure 5, since
these regions have small chance to be contaminated by the
tidal tails. However, in contrast to Balbinot et al. (2011), we
assume that the CMD of the background does not change
over the region of the sky inhabited by the Pal 5 stream.
This assumption is reasonable given that the stream lies at
high Galactic latitude, and is oriented parallel to the Galac-
tic plane. Furthermore the analysis by Ibata et al. (2016)
showed that the ratio of the number of “background” stars
with magnitudes 18 < g0 < 19.5 to those with magnitudes
19.5 < g0 < 22.0 remains constant over this region, which
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Figure 4. Photometry in an area of 0.3 deg radius around the
center of the globular cluster. The left panel is obtained with
the SDSS while the right panel is from our CFHT data. In both
panels, the main sequence turnoff of the cluster is clearly visible.
Cluster stars are selected from between the red lines, those that
are beyond this limit are assumed to be contamination from the
background.
supports the assumption that the CMD of the “background”
does not vary significantly.
Subsequently, to detect the overdensities and their fea-
tures, we subtract the background component convolved
with a Gaussian of σ2 = 0.9
◦ width, from the “density map”
matched-filter map convolved with a smaller Gaussian with
σ1 = 0.115
◦.
We calculate the significance in each pixel, S, using the
formulation of Koposov et al. (2008), where Σ is the value
of the matched-filter in this pixel and N is the Normal dis-
tribution function :
S =
√
4piσ1
Σ(N (σ1)−N (σ2))√
ΣN (σ2)
. (3)
To prevent edge artefacts, we do not compute the sig-
nificance value for pixels within ∼ 1.0◦ of the borders of the
SDSS footprint.
Following Ku¨pper et al. (2015), we search for large over-
densities with the SExtractor algorithm (Bertin & Arnouts
1996), configured to search for groups of at least 10 pixels
with a significance larger than 3. The results of this method
applied on the SDSS are presented in Figure 5, where the po-
sition and the size of the overdensities are represented with
blue circles. Their position, size (FWHM given by SExtrac-
tor) and significance are listed in Table 1. They are similar
to those of Ku¨pper et al. (2015), even though some small
differences are apparent which are due to the selection box
in the CMD and the spatial distribution of the background
stars that are not exactly the same in both studies.
3.2 Construction of the SDSS background
Since the overdensities found in previous studies are clearly
visible along the stream, we next investigate whether it is
also possible to detect similar features in the absence of a
c© 2016 RAS, MNRAS 000, 1–10
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Figure 5. Significance map of the region around Pal 5 in the SDSS survey. The red cross shows the position of the cluster and shaded
blue circles are the FWHM of the overdensities. Contours represent significance levels of (2,3.5,5,...). The light grey regions on the border
of the footprint are those used to fit the spatial distribution of background stars in the matched filter.
Table 1. Positions and sizes of the overdensities in SDSS.
l cos(b) (deg) b (deg) FWHM (deg) Significance
+12.86 40.22 0.62 4.54
+12.62 45.22 0.36 5.06
+12.31 40.56 0.42 4.69
+11.88 40.77 0.16 3.71
+11.07 41.58 0.19 3.84
+10.29 47.12 0.25 3.88
+6.66 46.93 0.31 4.17
+6.22 44.86 0.28 4.31
+5.98 44.42 0.15 3.65
+5.01 40.28 0.28 4.3
+4.17 45.08 1.25 10.67
+3.05 45.48 1.02 11.26
+2.38 42.03 0.36 4.66
+2.11 41.9 0.32 4.13
+1.86 45.8 0.7 6.55
+1.59 41.93 0.5 4.6
+1.14 45.92 0.99 8.73
+0.23 43.18 0.4 4.05
-0.04 45.8 1.02 10.08
-1.05 45.95 0.72 10.01
-1.92 45.88 0.79 5.04
stream, thus if their presence may be an artefact of the sur-
vey and detection method. To be certain that overdensities
detected in the background will not interfere with our anal-
ysis, we constructed three different realisations of it.
To create these models of the background in the SDSS,
we remove all of the data within 1◦ around the stream; this
is appropriate since the stream is very thin (∼ 0.2◦ , see
Odenkirchen et al. 2003). Then, we fill this area by dupli-
cating data from an adjacent region between respectively
1◦, 1.5◦ and 2◦ to the North for the leading arm, and 1◦,
1.5◦ and 2◦ to the South for the tailing arm, and deredden
the stars with the extinction value of their new position.
This very simple method allows us to re-use the pipeline
developed in Section 3.1. This of course assumes that the
statistics of the background under the stream are similar to
those in the adjacent field.
3.3 Model of a smooth stream
To understand better the limitation of the detection of over-
densities, we created a smooth model of the stream that we
added to our background models, previously described.
First, we determine the number of stars detected by
the matched-filter method along the stream in the SDSS.
To this end, we select the stars in an area with thickness
of 0.4 deg along the stream, assuming that the position of
the center of the Pal 5 stream can be determined by the
following functions in the standard coordinates (ξ, η) (Ibata
et al. 2016), where (ξ, η) = (0, 0) corresponds to the center
of the globular cluster:
ηtrailing(ξ) = 0.211 + 0.768ξ − 0.0305ξ2 + 0.000845ξ3
ηleading(ξ) = −0.199 + 0.919ξ + 0.0226ξ2 + 0.0123ξ3 . (4)
We masked out a region of 1 deg around the globu-
lar cluster, since we are only interested in the properties of
the stream. We found 1570 stream stars within a full-width
of 0.4 degrees around the above cubic polynomial model in
the matched-filter map, which we corrected to 1805 stars to
make a smooth stream and fill the masked region around the
globular cluster, assuming that the density surface is con-
stant along the stream. To obtain a perfectly smooth model,
these stars were distributed randomly along the stream, with
a full thickness of 0.4 deg around the center of the stream.
As in Section 3.1, we used the data from the center of the
globular cluster to determine the probability function of the
luminosity in the g, r and i-bands. Thus we assigned ran-
dom magnitudes to the stars of our model, following these
functions, we applied the completeness function determined
in Section 2.2, before dereddening them.
c© 2016 RAS, MNRAS 000, 1–10
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Table 2. Properties of the globular cluster Pal 5. The sources
are : 1 = Di Criscienzo et al. (2006), 2 = Ibata et al. (2016), 3 =
Odenkirchen et al. (2002), 4 = Smith et al. (2002).
Parameter Value Source
RA 15h16m5.3s 1
Dec −00◦06′41.0” 1
Distance 23.5 kpc 2
Vrad −58.7± 0.2 km.s−1 3
µα -2.13 mas.yr−1
µδ -2.13 mas.yr
−1
[Fe/H] −1.3 4
Age 11.5 Gyr
3.4 Nbody simulation of the stream
To create dynamically plausible stream models, we also un-
dertook N-body simulations of the disruption of the globular
cluster Pal 5, using the GyrfalcON integrator (Dehnen 2000)
from the NEMO package (Teuben 1995).
In our simulation, the distribution of the baryonic mat-
ter of the Milky Way is modelled with the bulge, the thin
and thick disks and the ISM component defined in the 1st
model of Dehnen & Binney (1998). However, like Ku¨pper
et al. (2015), we prefer to model the dark matter halo
with a Navarro-Frenk-White distribution (NFW; Navarro
et al. 1997) with an oblateness along the axis perpendic-
ular to the Galactic disk of qz = 0.94, a virial mass of
M200 = 1.60 × 1012M, a scale length of rs = 36.5 kpc
and a concentration of c = 5.95.
Our model of the progenitor of Pal 5 follows a King
model with a mass Mgc = 2 × 104 M, a core radius of
r0,gc = 50 pc and a ratio between the central potential and
the velocity dispersion of Wgc = 2.5. We use the current pa-
rameters of the cluster, listed in the Table 2, as the required
final state of the progenitor in the simulation. The current
tangential velocity of the globular cluster was determined
by running 200 N-body simulations to fit the position of the
centre of the simulated stream to Equation 4 and to fit the
radial velocity along the stream to the observed radial ve-
locities of Odenkirchen et al. (2009). We find a tangential
velocity of Vtan = 335 km s
−1, consistent with the recent
measurement of Fritz & Kallivayalil (2015) obtained with
the Hubble Space Telescope.
We adopted a smoothing scale length in GyrfalcON of
0.3 pc, and chose to simulate the globular cluster with 2×105
equal-mass particles. However, by changing the number of
particles and the smoothing length, with 2 × 104 N-body
particles and a smoothing length of 3 pc, we checked that
the morphology of the stream does not depend significantly
on these choices.
We transformed these N-body particles into stellar par-
ticles with a range of stellar mass and observable properties,
assuming a Salpeter mass function, and a magnitude in the
g, r and i bands drawn from an isochrone of age 11.5 Gyr and
a metallicity of [Fe/H] = −1.3 from the Dartmouth stellar
tracks (Dotter et al. 2008). However, the number of stellar
particles that are bright enough to be detected in the SDSS
is smaller than observed, thus we limit our mass distribu-
tion at 0.5 M, which corresponds to an absolute magnitude
of 8.5 in the g-band. This effect is not a consequence of the
Salpeter mass function, since Ku¨pper et al. (2015) also found
themselves forced to truncate their adopted Kroupa (2001)
mass function at 0.5 M.
Finally, to have the same observational biases as the
true stream in the SDSS, we add the extinction to the stars
and apply the completeness determined in Section 2.2. How-
ever, we note that here we are assuming that we know the
extinction perfectly, as we use precisely the same values that
were added to account for the reddening of the stars, there-
fore the only effect of the extinction on the simulations is to
correct for the completeness.
4 RESULTS
4.1 Analysis of the observed substructures
As explained in Section 3.1, we applied the method described
above to find the overdensities in the region around the
stream of Pal5 in the SDSS. Thus, the topography of the
significance is shown in Figure 5, where the blue circles rep-
resent the position of the overdensities and their radius is
equal to the FWHM of the overdensities given by SExtrac-
tor. Their mean significance over the whole field is of 5.80,
while that of the overdensities along the stream is higher
with Smean,obs = 6.70.
It is obvious that in the region between 6◦ < l cos(b) <
10◦, there is an absence of overdensities. It is in this region
that the extinction along the stream is higher (Figure 1),
with a mean extinction in the g-band of Ag ∼ 0.22.
However, in the deeper observations from the CFHT
(Ibata et al. 2016), and in N-body simulations (Dehnen et al.
2004; Ku¨pper et al. 2010), the density along the Pal 5 stream
decreases approximately smoothly with distance and there
is an absence of obvious density variations, excepting those
probably induced by the epicyclic motion of stars along the
stream. Thus, it is natural to wonder if the overdensities
detected along the Pal 5 stream in the SDSS are physical
or if they are due to the inhomogeneity of the SDSS survey
and the matched filter method that was used to detect the
substructures.
4.2 Substructures in the smooth stream
To answer this question, we search for overdensities in the
artificial smooth stream, represented in the middle panel
of Figure 6 (Section 3.3). Since the input stream is per-
fectly smooth within Poisson uncertainties, one would ex-
pect to have approximately constant significance along it,
which should be higher than the significance of the back-
ground, and an absence of overdensities.
From the lower panel of the Figure 6, where the over-
densities are detected from the smooth stream added to the
that “background SDSS”, it is obvious that the stream, seen
in the same way as the observations, is fragmented and seems
to have great variations in density along it, contrary to ex-
pectation given that the input model is a smooth stream.
As the smooth stream is added to the real SDSS back-
ground, which can introduce substructures in the stream
that are already present in the background, we analyse next
the overdensities detected in the background. The top panel
c© 2016 RAS, MNRAS 000, 1–10
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Figure 6. As Figure 5, but with the significance map of the first model of the “SDSS background” shown on the top panel, while in the
middle panel we show the significance map of the 1805 stars from the smooth stream added to that model of the “SDSS background”. In
the lower panel we show the position of the stellar particles of the smooth stream. The gaps between 0.5◦ < l cos(b) < 1.0◦ correspond
to the region at the center of the globular cluster that we do not use in this study.
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Figure 7. Histogram of the maximum S value measured in 100
random realizations of our smooth stream model with the three
models of the background.
of Figure 6 presents the spatial distribution of the overden-
sities of our first model of the background component, which
have a mean significance of Smean,bg = 4.08, well under those
of the observation (Smean,obs). Moreover, the overdensities
are spread approximately homogeneously along the stream
and their positions are different than those detected along
the smooth stream, so their impact on it will be minimal, val-
idating our method of constructing this background. Thus
even if the background contains the “seeds” of the overden-
sities detected along the smooth stream, they are not the
principal contributor to them and we can suppose that a
similar phenomenon is also present with the overdensities
detected in the real SDSS observations.
To make sure that the presence of these false overdensi-
ties is not an unlucky consequence of the particular random
number seed used in generating Figure 6, we constructed a
sample of 100 realisations of this smooth model for the three
models of the background previously mentioned (see Section
3.2), always with the same number of stars in the stream,
and we measured the maximum significance of the peaks in
these models. Figure 7 shows the histogram of the maxi-
mum significance of the detected peaks, and shows overden-
sities along the smooth stream reaching maximum values of
S = 8.74, 8.61 and 8.25 for background models 1, 2 and 3,
respectively. Thus we conclude that any overdensities in the
real observations with S <∼ 7.8 are suspicious and may not
be real, since similar peaks arise by chance in 5 out of 100
random realisations of a smooth stream. With this criterion
there are five overdensities detected in the SDSS stream,
listed in Table 1, that could be considered significant.
4.3 Substructures in the simulated stream
We also ran N-body simulations of the disruption of the
globular cluster Pal 5 in order to reproduce the observed
stream (see Section 3.4). The best-fit model stream, once
the extinction and the completeness are accounted for, is
composed of∼ 6000 stellar particles, of which approximately
70% stay bound to the globular cluster. However, using the
same method as in Section 3.3 to extract the number of stars
along the stream from the matched-filter map, we find 1580
stellar particles, which is in agreement with the star-count
constraint from the SDSS. Figure 8 shows, on the top panel,
the initial 2 × 105 particles used to follow the dynamics of
the stream, while on the middle panel we present the ∼
6000 star-particles that compose the stream once the SDSS
observational biases are added.
The density variation that can be seen along the N-
body stream in the top panel is a natural consequence of
the epicyclic motion performed by a continuous flux of stars
that escape from the satellite (Ku¨pper et al. 2012). However,
this phenomenon is less clearly visible in the stream formed
out of star particles, simply due to the much smaller number
of SDSS stars actually available, and as we show in Figure
9, the positions of the peaks in the star particle distribu-
tion (blue histogram and arrows) do not unambiguously re-
veal the positions of the true N-body peaks (red histogram):
while some peaks do match up, especially those closest to
the cluster, many high significance peaks can be seen to be
artefacts of the method, with as high a significance as for
the true peaks.
The bottom panel of Figure 8, similar to Figure 5, shows
the location of the overdensities detected along the stream
using the method adopted in this study. The mean value of
the significance along the stream is very close to Smean,obs
with Smean,simu = 6.67.
It is interesting to note that the simulated N-body
stream is detected over the region 6◦ < l cos(b) < 10◦, where
the observed stream shows little signal, and extinction is
higher than average (especially for 8.5◦ < l cos(b) < 10◦).
This suggests that the relatively small variations in extinc-
tion in the Palomar 5 field do not affect substantially the
detectability of the stream.
5 DISCUSSION AND CONCLUSIONS
Various processes have been proposed to explain the great
variation in density seen in the SDSS along the tidal tails of
the globular cluster Palomar 5. The options include violent
tidal shocks as the cluster passes through the Milky Way
disk, or close to dense star-forming regions, the epicyclic
motion of stars emanating from the cluster, or encounters
with dark matter subhalos. However, the absence of similar
substructures in the recent deeper CFHT observations pre-
sented by Ibata et al. (2016) led us to question their reality,
and raised the possibility that they are artefacts generated
by the particular photometric depth and inhomogeneity of
the SDSS linked to the analysis techniques used to detect
these very low contrast features.
To answer this question we have reproduced a similar
method as Ku¨pper et al. (2015) to extract the position of
overdensities along the stellar stream of Pal 5. Firstly, we
applied this method to the SDSS DR9 and found many over-
densities that do not overlap. The apparently high signifi-
cance of these substructures seems consistent with previous
claims that there are strong variations in the density of stars
along the stream.
We subsequently applied the same algorithm to a sam-
ple of 100 random realisations of a smooth stream and found
in every realisation apparently significant overdensities that
c© 2016 RAS, MNRAS 000, 1–10
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Figure 8. Position of the 2 × 105 N-body particles (in red on the top panel) and of the 6000 simulated stellar particles that respect
the SDSS star-counts constraint (in blue on the middle panel). The position of the overdensities detected along the simulated stream is
represented on the bottom panel.
were not due to the modelled background. This study has
also shown that overdensities with a significance (as defined
above) below ∼ 7 are highly questionable to be a signature
of real density variations.
We have also undertaken N-body simulations, to fit as
closely as possible the disruption of Pal 5. In our best-fit
model, the variations of the density of stars generated by
the epicyclic motion is clearly visible in the N-body parti-
cles. However, this effect disappears once these N-body par-
ticles are transformed into stellar particles and the SDSS
photometric selection is applied, due to the small number of
particles that remain.
Finally, we can conclude that the variations in density
seen along the stream of Palomar 5 are largely due to the
effect of the small number statistics in the SDSS. This prob-
lem is compounded by the properties of the matched-filter
c© 2016 RAS, MNRAS 000, 1–10
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Figure 9. Density of N-body particles (in red) and stellar parti-
cles (in blue) along the simulated stream. The vertical lines show
the position of the overdensities detected with the method pre-
viously mentioned, and the corresponding “significance” statistic
of the peak is indicated.
technique which weights stars according to their CMD loca-
tion, thus boosting certain stars and thereby biassing usual
significance metrics. This is especially problematic for a sur-
vey like the SDSS where the faint stars with large photo-
metric uncertainties are not easily differentiable from the
background. However, it is surprising to find little or no cor-
relation between stream density and extinction, though this
may be due simply to the relatively small and limited range
of reddening along the stream.
In future work it will be interesting to ascertain whether
a similar effect could explain the gaps seen along other stellar
streams, such as GD-1 (Carlberg & Grillmair 2013).
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